Abstract. Adrenomedullin (ADM), a multifunctional regulatory peptide, is potentially induced by hypoxia in physiological and pathological tissues, including many types of malignant tumors. Recent research has demonstrated that ADM expression is highly associated with the prognosis and disease severity of human osteosarcoma. However, the effect of ADM on the apoptosis of osteosarcoma cells and its possible mechanism remain to be elucidated. In the present study, we observed that mRNA and protein levels of ADM were increased in human osteosarcoma SOSP-F5M2 cells under a hypoxic microenvironment induced by cobalt chloride (CoCl 2 ) in a time-dependent manner. Treatment with ADM significantly blunted hypoxic-induced apoptosis, evaluated by Hoechst 33342 staining and Annexin V-FITC/PI labeling. The expression of B-cell lymphoma-2 (Bcl-2) was increased by administration of ADM; meanwhile, this effect was reversed by exogenously adding U0126, a selective inhibitor of MEK or ADM 22-52 (ADM-specific receptor antagonist). These results demonstrated that ADM acted as a survival factor to inhibit hypoxic-induced apoptosis via interacting with its receptors CRLR-RAMP (2,3) in osteosarcoma cells. The anti-apoptotic function of ADM was found to be mediated by upregulation of the expression of Bcl-2 partially through activation of the MEK/ERK1/2 signaling pathway. Therefore, targeting of the ADM/ADM acceptors/ERK1/2/Bcl-2 pathway may provide a potential strategy through which to induce the apoptosis of osteosarcoma cells.
Introduction
Osteosarcoma, the most common primary malignant bone cancer in children and young adults, is characterized by potential spontaneous pulmonary metastasis, strong resistance to chemotherapy and poor prognosis (1) . Although the 5-year survival rate of osteosarcoma has improved with the advent of neoadjuvant chemotherapy and vascular-targeted therapy, impovement in the overall prognosis of osteosarcoma and further enhancement of survival have not been significantly achieved due to tumor cell resistance to treatment.
A hypoxic microenvironment which is present in almost all solid tumors including osteosarcoma, is not only implicated in tumor pathogenesis and development, but also plays a vital role in the process of tumor recurrence and metastasis (2, 3) . Accumulated evidence has shown that angiogenesis inhibitors elicit the malignant progression of tumors to accelerate local invasion and distant metastasis (4, 5) , partially due to the induced hypoxic microenvironment (6, 7) . However, tumor cells cultured under a hypoxic condition in vitro are mostly prone to apoptosis or inhibition of proliferation (8, 9) . These paradoxical findings pose pertinent questions as to the probable mechanisms or molecular events that cause a more aggressive phenotype of tumor cells resulting from hypoxia in vivo. This may be as some hypoxia-related genes secreted by tumor tissues protect cells from deadly hypoxic stimuli, such as hypoxia-inducible factor-1α (HIF-1α) (10) . Therefore, exploring the association of hypoxia-related genes with tumor aggressiveness would be valuable for developing novel targeted therapies for solid tumors (11) . Recently, our research group demonstrated that adrenomedullin (ADM), known to be one of the hypoxiaregulated peptides, is overexpressed in human osteosarcoma tissue and is highly associated with prognosis and disease severity (12) . It may become one of the potentially attractive candidates for targeting osteosarcoma.
ADM is a secreted multifunctional hormone consisting of 52 amino acids, which belongs to the calcitonin gene-related peptide (CGRP) family. This peptide utilizes the covalent receptors, formed between calcitonin receptor-like receptor (CRLR) and one of the two accessory proteins, receptor activity-modifying proteins (RAMPs) 2 or 3 (13) . Although ADM was termed for its initial isolation from a human phaeochromocytoma (14) , it is a ubiquitous peptide synthesized by many normal tissues as well as by a large variety of human cancers (15, 16) . ADM has been reported to exert an antiapoptotic effect on both endothelial and tumor cells under certain stress conditions (15) . However, it is unclear whether Hypoxia-induced apoptosis is blocked by adrenomedullin via upregulation of Bcl-2 in human osteosarcoma cells ADM confers a protective effect on apoptosis in osteosarcoma cells under hypoxia. Apoptosis, cell programmed suicide, plays an important role in maintaining tissue homeostasis. Impaired apoptosis by activating pro-apoptotic regulator B-cell lymphoma-2 (Bcl-2) is now considered to play an important role in bone tumorigenesis (17, 18) and lung metastasis (19) . Although the effect of ADM on overexpression of Bcl-2 has been verified in many types of tumor cells (20, 21) , the relationship in osteosarcoma has not been clearly identified.
Therefore, in regards to the close relationship between overexpression of ADM and osteosarcoma first identified by our group, the aim of this study was to further ascertain whether overexpression of ADM is triggered by a hypoxic niche to blunt apoptosis in osteosarcoma cells via affecting the expression of Bcl-2, and to identify the possible signaling transduction pathway.
Materials and methods
Cell culture and MTT assay. F5M2, the highly metastatic potential subline of human osteosarcoma cell line SOSP-9607, was generously gifted by Dr B.A. Ma (Fourth Military Medical University, Xi'an, China). F5M2 cells were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, with 100 U/ml of penicillin and 100 µg/ml of streptomycin. All of the cells were grown at 37˚C in a humidified atmosphere of 5% CO 2 . To establish a hypoxic microenvironment, the exponentially growing cells were cultured by incubation for 24 h, and then exposed to 200 µM cobalt chloride (CoCl 2 ; Sigma-Aldrich, St. Louis, MO, USA) with serum deprivation. To determine the effect of ADM on cell proliferation, the cells were seeded in 96-well plates at a density of 5x10 3 cells/well for 24 h, and then pretreated with different concentrations of ADM (0-500 nM) for another 24 h with an ADM receptor inhibitor, ADM (1 µM) (both from Sigma-Aldrich) or left untreated. At the end of the treatment, 20 µl MTT (2.5 mg/ml; Sigma-Aldrich) was added and incubation was carried out for another 4 h at 37˚C. After removal of the supernatant, 200 µl dimethyl sufloxide was added to each well to solubilize the dark blue formazan crystals that formed in the intact cells. The cell viability was assessed by measuring the absorbance at 490 nm using an ELISA plate reader (Bio-Rad, Hercules, CA, USA). 
Detection of gene expression by RT-PCR.
Treated and control cells were collected and washed with cold phosphate-buffered saline (PBS). Total RNA was extracted from the cells using RNA Fast 200 reagent (Takara, Dalian, China) according to the manufacturer's instructions. The RNA purity and concentration were assessed by UV-Vis spectroscopy with the Bio-Rad SmartSpec 3000 system (Bio-Rad) by the ratio of OD readings at 260/280 (1.8). Total RNA (2 mg) was used to synthesize cDNA in a total volume of 20 µl reaction. cDNA (1 µl) was amplified in a total volume of 25 µl using the RT-PCR kit (Takara). Information regarding the sense and antisense primers of ADM, its covalent receptors and Bcl-2 is listed in Table I . β-actin was examined as an endogenous control for stable expression. The conditions of RT-PCR cycling were as follows: 94˚C for 5 min, followed by 32 cycles of 94˚C for 30 sec, melting temperatures (Table I) for 30 sec, and 72˚C for 30 sec and a final extension at 72˚C for 10 min. PCR products were separated on a 2% agarose gel, and viewed by ethidium bromide staining under UV light. Detection of apoptotic morphological features by Hoechst 33342. F5M2 cells (1x10 5 cells/well) were plated onto 6-well plates, incubated for 24 h at 37˚C, and then pretreated or not with ADM (100 nM) for 1 h, followed by administration of CoCl 2 (200 µM). The cells were then incubated in serum-deprived culture for another 24 h. Cells cultured in a normoxic condition acted as the control group. Three groups of cells were fixed with 4% paraformaldehyde for 20 min, and then incubated with Hoechst 33342 (1 µg/ml; Sigma-Aldrich) for 10 min at room temperature. The cells were then washed twice with PBS, and examined under a fluorescence microscope. The numbers of apoptotic cells in each group were counted in 10 random fields with >500 cells.
Apoptosis detection by flow cytometry. Cells (5x10
5 cells/well) were plated onto 6-well plates, incubated for 24 h at 37˚C, and then individually treated as mentioned in the above experiment. In each group, the adherent cells and the cells contained in the supernatant were harvested gently. The collected cells were washed twice, and adjusted to a concentration of 1x10 6 Western blot analysis. Treated and control cells were lysed in RIPA protein extraction solution (Dingguo) in the presence of phosphatase inhibitors for 1 h at 4˚C, followed by centrifugation at 12,000 x g for 20 min. The BCA protein assay kit was used to determine the protein concentrations. Protein samples (30 µg/lane) were separated by SDS-PAGE gels and then electrophoretically transferred to polyvinylidene fluoride membranes. The membranes were blocked with 5% fat-free milk in PBST buffer and then incubated with primary antibodies against β-actin, ADM (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Bcl-2, extracellular signal-regulated kinase (ERK) and P-ERK (1:500; Bioworld Technology, St. Louis Park, MN, USA) overnight at 4˚C. The membranes were then washed and incubated with secondary antibodies for 2 h (1:10,000; Bioworld Technology). The antigen-antibody complexes were detected with the ECL chemiluminescence detection kit. The optical density of the bands was quantified by using Gel-Pro Analyzer v4.0 (Media Cybernetics, Rockville, MD, USA). The results were measured by relative band density to that of β-actin which was detected as the endogenous control.
Statistical analysis. Statistical analysis was performed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). All in vitro experimental data presented represent at least three independent experiments using samples from a minimum of three separate isolations and are expressed as means ± SD as indicated and were analyzed by one-way analysis of variance (ANOVA). A P-value <0.05 was considered to indicate a statistically significant result.
Results

Hypoxia-mediated induction of ADM expression in F5M2 cells.
To investigate whether ADM expression is induced under a hypoxic condition by CoCl 2 (200 µM) treatment, we measured the levels of ADM mRNA and protein, respectively through RT-PCR and western blotting in F5M2 cells. The result showed that the expression of ADM mRNA and protein was significantly higher under hypoxia than that under normoxia, and increased in a time-dependent manner under a hypoxic condition (Fig. 1A and B) .
ADM has autocrine/paracrine effects on F5M2 cells. We then determined whether the receptors of ADM (CRLR, RAMP2 and RAMP3) were also expressed in the F5M2 cells using RT-PCR. As shown in Fig. 2 , these receptors were identified as being expressed. To assess whether ADM affects cell proliferation in an autocrine or paracrine manner, we monitored cell growth following exogenous ADM administration with or without ADM 22-52 using MTT assays. The results demonstrated that cell growth was significantly accelerated by ADM in a dose-dependent manner, but inhibited by the ADM receptor selective antagonist ADM (Fig. 3) . This confirmed that ADM positively affects cell growth in an autocrine and/or paracrine manner.
ADM blocks hypoxia-induced apoptosis.
To understand the role of ADM in hypoxia-induced apoptosis of F5M2 cells, the morphological changes noted in the apoptotic cells were detected by Hoechst 33342 staining. The apoptotic cells exhibited chromatin condensation and fragment staining brighter than that of normal cells. In the control and ADM-treated cells, the nuclei were stained a weak homogeneous blue, while in the hypoxia-induced cells, bright chromatin condensation and nuclear fragmentation were observed (Fig. 4A-C) . The percentage of apoptotic cells in the counted fields in the control, hypoxia and ADM group was 5.2±1.87, 24.8±5.31 and 8.7±2.83, respectively (Fig. 4D) . The difference between the control and ADM group was not statistically significant, yet a statistically significant difference between the hypoxia group and the other groups was obtained (P<0.05). The results of flow cytometry showed that the percentage of apoptotic cells in the hypoxia group was significantly higher (34.4±1.55) than that of the control group (10.7±0.71) and ADM group (14.9±0.30) (P<0.05, Fig. 5) .
Involvement of the MEK/ERK1/2 pathway in the upregulation of Bcl-2 by ADM.
To clarify the mechanism underlying the suppressive effect of ADM on hypoxia-induced apoptosis, expression of Bcl-2 was examined by RT-PCR and western blot analysis. ADM pretreatment resulted in the upregulation of Bcl-2 mRNA, regardless of a normoxia or hypoxia condition (Fig. 6A) . Treatment of F5M2 cells with CoCl 2 (200 µM) for 24 h decreased the intracellular Bcl-2 production, while pretreatment with ADM (1, 10 and 100 nM) for 1 h before addition of CoCl 2 markedly attenuated these effects in a concentration-dependent manner (Fig. 6B) . These data revealed that ADM increased expression of Bcl-2 at both the mRNA and protein levels.
In order to determine whether the MEK/ERK1/2 signaling pathway is involved in the inhibition of apoptosis by ADM in hypoxia-induced F5M2 cells, we detected the phosphorylation of ERK1/2 by western blotting. After F5M2 cells were treated with CoCl 2 (200 µM) for 30 min, the phosphorylation of ERK1/2 was significantly decreased compared with the control group. However, pretreatment of cells with ADM for 1 h reversed this effect in a dose-dependent manner (Fig. 7) . The result indicates that MEK/ERK1/2 is involved in the signaling pathway of ADM.
In order to ascertain the role of MEK/ERK1/2 in the ADM-induced overexpression of Bcl-2, a selective inhibitor of MEK (U0126) was used in the F5M2 culture conditions (Fig. 8) . When U0126 was co-administered with ADM, Bcl-2 expression was partially hindered. Moreover, the combination of ADM with ADM 22-52 also had the same effect on the significant downregulation of Bcl-2 expression compared with the effect of U0126. These results collectively imply that ADM can simulate Bcl-2 expression through its receptors and partially the MEK/ERK1/2 pathway in F5M2 cells.
Discussion
The tumor hypoxic microenvironment, induced by the rapid growth of tumor cells or vascular-targeted therapy, plays a dual contradictory role in regards to the survival of cancer cells. It starves tumors causing cell death, yet meanwhile, more malignant cell clones evolve to resist treatment and diminish apoptotic potential and accelerate metastasis (6) . In such a hypoxic niche, it may be plausible that hypoxia-regulated molecules are triggered and recruited resulting in the development of a more aggressive phenotype. It has been confirmed that ADM is one of the hypoxia-induced peptides found in a variety of human cancers as well as in cell lines (22, 23) , and plays an anti-apoptotic role. Our initial experiment with osteosarcoma clearly demonstrated that ADM was overexpressed in human osteosarcoma tissue, and is correlated with the degree of malignancy and metastasis of osteosarcoma (12) . However, the effect of ADM on apoptosis in osteosarcoma cells and the possible mechanism have not yet been elucidated.
In order to address this issue, the present study aimed to establish a hypoxic microenvironment. In our study, the hypoxic niche was mimicked by addition of CoCl 2 to the cell culture, since this simulation is similar to hypoxia in vivo, with identical signal transduction and transcription regulation (8) . Since osteosarcoma has a high propensity to spontaneous pulmonary metastasis, we chose the highly metastatic potential subline of the human osteosarcoma cell line SOSP-9607, F5M2, as the research objective which was confirmed to achieve a 100% spontaneous pulmonary metastasis rate in an in vivo orthotopic transplantation assay (24) . It is significantly important to study osteosarcoma cell lines with high metastatic potential. Under hypoxia stress mimicked by CoCl 2 , the ADM mRNA and protein expression levels in F5M2 cells were increased in a time-dependent manner, indicating that ADM was secreted by osteosarcoma cells themselves, and therefore could interact with the receptors expressed on cancer cells or cells in the tumor microenvironment, such as endothelial or vascular smooth muscle cells (15) . mRNA levels of the co-receptors of ADM, CLRL and RAMPs (2,3) were expressed in the F5M2 cells. Meanwhile, the exogenous administration of ADM significantly increased cancer cell proliferation in a dose-dependent manner, and this effect was inhibited by its receptor antagonist (ADM ). These data implied that ADM exerted an effect on osteosarcoma cells through an autocrine or/and paracrine loop, and inhibition of the interaction of tumor cell-secreted ADM with its receptors reduced the cellular functions. This conclusion is in accordance with previous research in other forms of cancers, such as pancreatic cancer (25) and hepatocellular carcinoma (HCC) (22). It is now widely known that apoptosis is a critical factor for maintaining tissue homeostasis, and impaired apoptosis is now recognized to be a key step in tumor development (17, 18) . Since ADM is induced by hypoxia in osteosarcoma cells, whether death or survival of cells is induced by administration of ADM remains unclear. Martinez et al (26) reported that overexpression of ADM in human breast cancer T47D cells induced higher levels of proteins involved in oncogenic signaling pathways and lower levels of pro-apoptotic proteins, indicating that ADM causes resistance to apoptosis. Similarly, Chen et al (27) Bcl-2 is a proto-oncogene that prevents the apoptosis of various cancer cell types from many apoptotic stimuli, such as hypoxia (28) . Overexpression of Bcl-2 is frequently detected in malignant tumors and is related to poor prognosis (29) . Downregulation of Bcl-2 expression increased cellular apoptosis of osteosarcoma cells and sensitized them to chemotherapeutic drugs (30) . Li et al (20) identified that Bcl-2 and ADM were co-expressed in bulky invasive squamous carcinoma. This implies that ADM and Bcl-2 act as useful prognostic markers in selecting tumor cells resistant to apoptosis and in promoting malignant progression.
However, whether ADM produces Bcl-2 or the latter resulted in ADM should be verified. To clarify their relationship, Oehler et al (21) observed that the addition of ADM to the culture of endometrial cancer cells led to a 6-fold increase in Bcl-2 mRNA and a 5-fold increase in Bcl-2 protein expression. Our present results in osteosarcoma cells also demonstrated that ADM induced Bcl-2 mRNA expression, regardless of a hypoxic or a normoxic condition. Meanwhile, ADM also increased expression of Bcl-2 protein in a concentration-dependent manner. The data demonstrated that ADM facilitated the anti-apoptotic signaling and hindered the cells from undergoing apoptosis by upregulation of Bcl-2.
Intracellular levels of ERK1/2 are usually correlated with a broad array of cellular functions including apoptosis, proliferation, survival, malignant transformation of cells, and other biological responses (31) . Activation of ERK1/2 has been reported to achieve anti-apoptosis, and ultimately leads to cellular transformation and tumorigenesis by upregulation of Bcl-2 (32) . Previous studies have demonstrated that ADM mediated-signaling transduction differs between cell types (15,33).
Uzan et al (34) showed that ADM acted as a survival factor to exhibit an anti-apoptotic effect in osteoblastic cells via the MEK/ERK pathway. Chen et al (27) reported that silencing of the ADM gene stimulated apoptosis through downregulation of ERK1/2 and Bcl-2 expression. In contrast, Park et al (22) did not detect the activation of any other mitogen-activated protein kinases (MAPKs) or anti-apoptotic signaling in HCC cells following ADM treatment. Abasolo et al (23) found that P-ERK1/2 levels in PC-3 cells overexpressing ADM were lower than levels in parental PC-3 cells. In our study, we found that ADM increased the phosphorylation of ERK1/2 in CoCl 2 -mediated hypoxia induction in osteosarcoma F5M2 cells. In addition, the effect of upregulation of Bcl-2 induced by ADM was partially attenuated by concomitant treatment with the specific MEK inhibitor (U0126) or the selective ADM receptor antagonist (ADM 22-52 fragment). These data suggest that i) ADM acts as a survival factor in F5M2 cells via interacting with its receptors CRLR-RAMP2 and CRLR-RAMP3; and ii) ADM activates the MEK/ERK1/2 pathway to upregulate Bcl-2 expression to abrogate the apoptotic effect induced by a hypoxic microenvironment.
All of the above findings imply that synergetically targeting the ADM/ADM acceptors/ERK1/2/Bcl-2 pathway may provide a potential strategy to promote the apoptosis of osteosarcoma cells, yet further research must be undertaken to elucidate the more detailed mechanisms in regards to other signaling transduction pathways, other apoptotic pathways and experiments in vivo. For example, compared with the inhibitory effect of U0126, the inhibitory effect of ADM on the upregulation function of Bcl-2 by ADM was more significant. Therefore, there may be other signaling pathways involved in the effect on apoptosis by ADM. As known, in addition to ERK1/2, JNK (c-Jun N-terminal kinase) and p38 MAPK constitute the MAPK family that contributes to diverse cellular apoptosis or survival processes (35, 36) . Phosphatidylinositol 3'kinase (PI3K)/Akt pathway is also involved in cell survival via the negative regulation of the Bcl-2 homology domain (BH3)-only proteins (37) . Meanwhile, cAMP/protein kinase A (PKA) also mediates apoptosis via regulating pro-apoptotic factor Bcl-2-interacting mediator of cell death (BIM) (38) . Although these signaling transduction pathways are activated by ADM in vascular endothelial, smooth muscle or cancer cells (15, 16, 39) , whether the apoptosis is still mediated by these pathways through the overexpression of ADM has been unclear and should be further elucidated. Secondly, in our study, Bcl-2 was chosen as an indicator of apoptosis, and it is verified to be one product of the anti-apoptotic ADM target gene. However, the effect of ADM on expression of the pro-survival proteins (such as Bcl-xL and Bcl-w), the pro-apoptotic proteins (such as Bax, Bak, Bad, Bmf and Bid), caspase activation and pathways to apoptosis should be determined further (18) , as inhibition of apoptosis by Bcl-2 is related to its capacity to interact with these anti-or pro-apoptotic proteins (18, 37) . Third, according to our research, the strategy targeting the ADM/ADM receptor/ ERK1/2/Bcl-2 pathway should also be confirmed by in vivo experiments to induce the apoptosis of tumors and inhibit pulmonary metastasis.
In conclusion, we observed that ADM expression is increased in human osteosarcoma F5M2 cells under a hypoxic microenvironment. Treatment with ADM significantly blunts hypoxic-induced apoptosis. In an in vitro experiment, the expression of Bcl-2 was increasingly induced by administration of ADM, and was also reversed by an inhibitor of MEK, or a specific receptor antagonist of ADM. These results showed that ADM inhibits hypoxic-induced apoptosis in osteosarcoma cells by upregulating the expression of Bcl-2 partially through activation of the MEK/ERK1/2 signaling pathway. Therefore, targeting the ADM/ADM acceptors/ERK1/2/Bcl-2 pathway may provide a potential strategy to induce the apoptosis of osteosarcoma cells and provide cancer patients with maximal survival benefit.
